Abstract The ovarian follicle represents the basic functional unit of the ovary and consists of an oocyte, which is surrounded by granulosa cells (GCs). GCs play an important role in the growth and development of the follicle. They are subject to increased attention since it has recently been shown that the subpopulation of GCs within the growing follicle possesses exceptionally plasticity showing stem cell characteristics. In assisted reproduction programs, oocytes are retrieved from patients together with GCs, which are currently discarded daily, but could be an interesting subject to be researched and potentially used in regenerative medicine in the future. Isolated GCs expressed stem cell markers such as OCT-4, NANOG and SOX-2, showed high telomerase activity, and were in vitro differentiated into other cell types, otherwise not present within ovarian follicles. Recently another phenomenon demonstrated in GCs is transdifferentiation, which could explain many ovarian pathological conditions. Possible applications in regenerative medicine are also given.
Introduction
Granulosa cells (GCs) play an important role in the growth and development of the follicle in the process known as folliculogenesis. With development of gap junctions they connect to each other and to the oocyte [51] . Complex bidirectional communication with the oocyte includes providing essential nutrients for oocyte development and accumulation of oocyte secreted metabolites [71] . Moreover, the natural role of GCs includes hormonal activity with production of estradiol during follicular growth and secretion of progesterone after ovulation [85] .
From a granulosa cell perspective folliculogenesis translates to the dynamic process starting with changing the shape from flattened to cuboidal followed by mitosis and expression of follicle-stimulating hormone receptor (FSHR). Moreover, in a pre-ovulatory follicle, the spatial distribution creates four different granulosa cell layers: the outermost layer is the membrana granulosa, the inner most layer is the periantral , the intermediate layer is the cumulus oophorus, and the layer juxtaposed to the oocyte is the corona radiata [17] . All four layers are also functionally heterogeneous, secrete different molecules and express various hormone receptors [55] . The GCs are subject to increased attention since it has recently been shown that the subpopulation of GCs within the growing follicle is not terminally differentiated but showing stem cell characteristics [39, 41, 47, 77] .
In the assisted reproduction programme GCs are in general ignored and constitute an uninteresting part of the in vitro fertilization procedure where follicular fluid together with GCs is unavoidably removed from the antrum during transvaginal ultrasound-guided aspiration of oocytes from mature follicles. Follicular fluid fills the antrum and surrounds the oocyte and its composition reflects changes in the secretory processes of granulosa and theca layers [16] . Besides oocytes, the aspirated follicular fluid contains granulosa, thecal, ovarian surface and vaginal epithelial cells, since an ultrasound-guided needle penetrates all these tissues. Following the removal of oocytes, the remaining cell-rich follicular aspirate is usually discarded in daily practice. However, it could be used for further immunoassays [37] or as a potential source of stem cells [25] . Among follicular cells GCs show the biggest stem cell potential, as recently demonstrated by several studies. In this minireview the current knowledge on stem cell characteristics and transdifferentiation potential of GCs is presented and discussed. We also try to evaluate the follicular fluid retrieved in the in vitro fertilization program as a potential source of stem cells to be used in regenerative medicine in the future.
Expression of stem cell markers in granulosa cells from follicular aspirates
The presence of somatic stem cells in the ovary has not been speculated for a long time, however it is now clear that ovaries, like many other adult tissues and organs, contain somatic stem cells. Putative stem cells were found in the adult ovarian surface epithelium of different mammals, including humans [61, [78] [79] [80] , in mouse ovarian stroma [21] and in the theca layer [29] , which surrounds the developing follicle.
Stem cell potential of GCs was first indicated by Kossowska-Tomaszczuk et al. [41] . They demonstrated that luteinizing GCs isolated from the ovarian follicles of infertile patients included in the assisted reproduction program can be differentiated into other cell types, otherwise not present within ovarian follicles, such as neurons, chondrocytes and osteoblasts. The GCs were isolated from follicular aspirates-follicular fluid-obtained from patients after treatment with human menopausal gonadotropins, recombinant FSH, and 10,000 IU of human chorionic gonadotropin for controlled ovarian hyperstimulation and oocyte retrieval. Firstly, they showed that the prerequisite for successful long-term culturing of GCs is leukemia-inhibiting factor (LIF) added to the culture medium. In their cultures GCs exhibited two distinct morphologies: epithelial and fibroblastic-like. The ephitelial-like cells disappeared after approximately 3-weeks of culturing, whereas the remaining cells retained their fibroblastic morphology. After 1 week of culturing GCs progressively lost their ability to express FSHR and after 8 weeks they also lost the aromatase activity; however 1-3 % of GCs expressing FSHR also expressed OCT-4 marker of pluripotency. The OCT-4 marker was expressed in the freshly collected luteinizing GCs and remained expressed in the luteinizing GCs throughout the culturing, as revealed by reverse transcriptase-PCR and immunocytostaining. Additionally, GCs were positive for various markers of mesenchymal stem cells: CD29, CD44, CD90, CD105, CD117, and CD166, but not for CD73 [41] . Another study by Varras et al. [77] showed that OCT-4 gene was expressed in GCs of women included in the assisted reproduction program, namely in 48 % of the studied women; however, the expression of this gene was demonstrated only by real time-PCR methodology. They carefully analyzed if OCT-4 expression was related to female clinical parameters (i.e., age, BMI, duration and causes of infertility, previous assisted reproduction attempts, basal serum FSH and LH levels, serum levels of PRL, serum estradiol levels on the fifth day of rFSH administration and on the day of hCG administration, the total dose of rFSH, the duration of treatment, the type of assisted reproduction, the number of aspirated follicles etc.), but they did not find any correlation. Unlike Kossowska-Tomaszczuk et al. [41] study in which GCs were pooled from various infertile women, Varras et al. [77] analyzed the gene expression of GCs in each single patient with tubal factor of infertility or with infertile partner. Although the OCT-4 transcription factor is a solid marker of cell stemness, we need to be careful when selecting the appropriate primers. The OCT-4 can encode three spliced variants designated as OCT-4A, OCT-4B and OCT-4B1, latest being also detected in various non-stem cell types [2] . Moreover, OCT-4 may play role in follicular development and oogenesis hence expression in ovarian compartments could be higher independent of the possible role in maintaining stem cell population [49, 87] .
In contrast, Mattioli et al. [47] did not detect any sign of Oct-4 expression in isolated pig GCs. However, they demonstrated expression of other three typical pluripotent stem cell markers Nanog, Sox-2 and TERT in both growing and luteinized GCs. Although drastically reduced, all three markers were detected in GCs even after 3 weeks of in vitro osteogenic differentiation. It should be highlighted that they decided not to carry out any purification step based on the presence of FSHR or some other factor, but considered the isolated GCs as a homogeneous cell population in terms of their stemness. This is an interesting approach since all ovarian somatic cells coexist in the common ovarian niche [8] , which can play an important role in maintaining of their stemness.
Comparing results of all three above described studies is difficult since all three studies used different methodologies when obtaining and processing GCs. Kossowska-Tomaszczuk et al. [41] isolated GCs from aspirated follicular fluid of infertile patients based on FSHR; Varras et al. [77] collected GCs from cumulus-oocyte complex during oocyte retrieval from fertile patients; and Mattioli et al. [47] scraped GCs from internal face of the follicle wall obtained from prepubertal pigs. First variable which can affect differences in stem cell markers is fertility since it was found that the cause of female infertility can drastically affect the GCs viability [34] ; therefore this factor should always be taken into account when discussing the stem cell characteristics of GCs. Secondly, expression of genes varies between species and projection (e.g. from pig) on human is not always reliable. Thirdly, and most importantly, we see the main methodological difference in the location of isolated GCs. Kossowska-Tomaszczuk et al. [41] did experiments with aspirated GCs, which were probably mixture of all four granulosa layers, while Varras et al. [77] worked just with GCs from cumulus layer. On the other side Mattioli et al. [47] worked with GCs from periantral layer. The location of GCs seems to be an important factor, which has been overlooked when researching their plasticity. It is known that dynamics of GCs during expansion in growing follicle differs within the cellular mass [64] . Erickson [17] postulated that precursor cells could be located in the periantral layer of GCs. It was demonstrated that GCs in the membrane domain stop proliferating earlier than those in the central domain, which continue to divide through the healthy follicle development [26] . Overall, we think that the cause for discrepancy in expressing stem cells markers in GCs is using cells from different locations within granulosa layers. For the future research it is necessary to qualify subpopulations of GCs within preovulatory follicle. Kossowska-Tomaszczuk and De Geyter [39] proposed the hypothesis about several subpopulations based on the presence of FSHR and luteinizing hormone receptor (LHR) markers. We speculate that this hypothesis can be upgraded with the factor of location in the granulosa layers. Moreover, the question whether granulosa stem cells originate from the first line of flattened GCs in the primordial follicle or from the granulosa nests in ovarian surface epithelium [7] still remains opened.
Some additional evidence for stem cell characteristics of GCs came from cloning experiments by somatic cell nuclear transfer (SCNT) in animals since it has been demonstrated that cloning is more successful if the donor nucleus is provided from less differentiated cells [73] . Successful nuclear transfers using adult GCs nuclei have already been reported [15, 59, 82] . Moreover Pandey et al. [59] demonstrated that using GCs from cumulus layer is more successful at cloning by SCNT then using GCs from non-cumulus layer which is in favor of our hypothesis that location of GCs matters when studying their plasticity.
Telomerase activity and stemness in granulosa cells
The telomerase activity is another evidence for the stemness of normal, non-cancer cells in the ovaries [43, 53] . Telomerase is represented by a complex of reverse transcriptase proteins encoded by the TERT (telomerase reverse transcriptase) gene. In addition to maintaining the integrity of chromosomes ends (telomeres), telomerase plays an important role in the process of cell proliferation. All chromosomes are losing telomeric DNA during each cell division. However, adult stem cells are characterized by a relatively slower rate of telomere shortening in comparison with adult non-stem cells [27] and thus having high telomerase activity and the longest telomeres within a given tissue [19] .
High telomerase activity was demonstrated in bovine growing follicles, where telomerase RNA was localized in the periantral layer. Telomerase activity was the highest in the smallest examined follicles and was decreasing significantly as the follicles enlarged [42] . Interestingly, it was shown that there is no significant difference between pig small antral and large antral follicles in telomerase activity of granulosa cells [74] . Additionally, a significantly decreased telomerase activity was observed in large and atretic follicles in comparison to small and healthy follicles in rat [83] . In human the low level of telomerase activity in the ovary was found to be related to the age-related primordial follicle depletion and it was speculated that telomerase activity could be used as a marker of the ovarian functional age [35] . Moreover, it was showed that the relative telomere length was longer in GCs from mature oocytes compared with GCs from immature oocytes in human [12] . In addition, the abnormal telomere lengths in GCs were confirmed to be related to the female infertility and diminished ovarian reserve [10] . It was shown that luteinized human GCs have a certain potential for proliferation and that telomerase activity of luteinized GCs may predict the clinical outcomes of in vitro fertilization [11] . In primary and preantral pig follicles, TERT was confirmed to be localized in granulosa cells and in germ cells, with a typical nuclear location. During antral differentiation only GCs close to the antrum and cumulus cells maintained the TERT expression [66] . Telomerase activity seems to be highly related to the estrogen metabolism since estrogen showed mitogenic effects on GCs proliferation by up-regulation of TERT gene [4] , suggesting that infertile patients with estrogen deficiency are not suitable for research of their GCs stemness. Recently, more on the impact of steroid hormones, antiestrogens and aromatase inhibitors on telomerase activity was reviewed by Chronowska [13] .
It was proven that telomerase activity in stem cells is regulated by Wnt signaling pathway [28] . The Wnt signaling pathway is a network of proteins that passes signals from receptors on the cell surface through the cytoplasm and ultimately to the nucleus where the signaling cascade leads to the expression of target genes. It controls the cell-cell communication, cell proliferation and differentiation during development and in adult tissues. In postnatal ovary Wnt signaling is required for normal folliculogenesis and is highly expressed in GCs as reviewed by Boyer et al. [6] . Currently, three different pathways are believed to be activated upon Wnt receptor activation, however Wnt/β-catenin is best understood [14] . Wnt/β-catenin signaling maintains stemness in stem cells from different tissues and prevents them from differentiating [36, 70] . For mouse GCs it was demonstrated that WNT2 protein regulates their proliferation through β-catenin pathway [18, 81] which when misregulated can lead to ovarian granulosa cell tumor (GCT) [5] .
Altogether it is clear that GCs possess greater telomerase activity in comparison with non-stem adult cells. This could be a consequence of a progenitor GCs subpopulation which is characterized by high proliferation rate regulated by Wnt/ β-catenin signaling pathway. According to localization of telomerase RNA and TERT highly proliferative subpopulation of GCs originate from periantral layer.
Granulosa cells and ability for transdifferentiation
Transdifferentiation is the switch of cell from one differentiated type into another as defined by Okada [56] . The natural transdifferentiation occurs in two steps: firstly, the cell dedifferentiates; and secondly, the natural developmental program is activated, allowing the cell to differentiate into the new lineage [3, 32, 72] . It is particularly common in organisms such as amphibians that exhibit regeneration of missing parts. For example, when the lens is removed in the eye, pigmented epithelial cells from the dorsal iris first dedifferentiate, proliferate to create new lens vesicle, and then differentiate into the mature cells of the lens [75] . In mammals, natural transdifferentiation is very rare and is exemplified by the formation of coronary arteries from venous cells [63] . However, there are various methods to induce transdifferentiation, which were successfully demonstrated also in mammalian cells [62] . Firstly, using defined culture medium with high concentration of glucose after removing LIF successfully transdifferentiated liver cells to pancreatic-like cells [84] . Secondly, using co-cultures, cardiomyocytes induced skeletal muscle-derived cells to transdifferentiate into cardiomyocytes [30] . Thirdly, with ectopic expression of transcription factors C/EBP alpha, PPAR gamma and SREBP-1 transdifferentiation of fibroblasts into adipocyte-like cells was achieved [45] . Lastly, human fibroblasts have been successfully transdifferentiated to human T cells using cellular extract of human T cells [23] .
Bukovsky et al. [9] observed that when porcine ovarian granulosa cells were cultured in vitro, they changed their morphology into fibroepithelial phenotype. Moreover, after exposure of cells to the mixture of testosterone and progesterone after pretreatment with estradiol, a majority of granulosa cells transdifferentiated into neuron-like cells. These cells manifested an interconnectivity resembling primitive neuronal pathways in culture. They expressed SSEA-1, SSEA-4, NCAM and Thy-1 and showed characteristic neuronal morphology.
The main study in the field of GCs transdifferentiation was recently done by Oki et al. [57] . As many researchers mentioned above, they first observed that pig GCs began to proliferate and dedifferentiate into fibroblast-like cells after 48 h of culturing. In contrast to Kossowska-Tomaszczuk's and Varros's experiments they found that stem cell-related genes, such as Oct-4, were not expressed in freshly collected GCs. Interestingly, microarray assays revealed that GCs gradually started to express osteogenic genes during the culture, whereas the expression of GCs-specific genes decreased in the absence of any special factors. After osteogenic induction, dedifferentiated GCs underwent terminal osteoblast differentiation and matrix mineralization in vitro. Furthermore, when dedifferentiated GCs were transplanted into SCID mice, these cells formed ectopic osteoid tissue. Moreover, GCs that expressed osteogenic genes were completely differentiated into mature osteoblasts in vitro and in vivo. Taken together, they postulated that GCs can transdifferentiate into osteoblasts not as stem cells, but as functional differentiating cells both in vitro and in vivo [57] . This observation can be supported by some previous reports on the pathological condition of ovary in which the osteoid tissue was found [48, 52, 54, 65] . In one patient the ovarian tumor with predominating Sertoli cells and the calcified/ossified areas at the center of Sertoli cell nodule was reported [50] . We may speculate that the bone morphogenetic proteins (BMPs) could be involved in such cases since it is clear that BMP-2, BMP-6, BMP-7, BMP-9 can regulate differentiation of mesenchymal stem cells into osteogenic tissue in vitro and in vivo [46] . Moreover, it is known that BMPs affect granulosa cell physiology, among other things also GCs proliferation [20, 58] . It is an important question why GCs are so favorable for osteogenic differentiation and it was postulated that this may be related to RUNX2 transcriptional factor, fundamental for osteogenic differentiation [38, 86] and up-regulated in the process of GCs luteinization [60] .
Uhlenhaut et al. [76] demonstrated the ability of GCs to transdifferentiate through conditional loss of a single transcriptional regulator FOXL2 into comparable male cell typeSertoli-like cells. Sertoli cells are elongated cells supporting the germ cells of the seminiferous tubules in the testis; sharing a common precursor with GCs during prenatal development, they also inherit many characteristics with them [1] . In their study Uhlenhaut et al. [76] created homozygous Foxl2 mice line and 3 weeks after tamoxifen-induced Foxl2 deletion the appearance of testicular seminiferous tubules and the cells with morphological characteristics of Sertoli cells instead of GCs were found in the ovaries by histological examination. Moreover, they showed that the process of GCs reprogramming was autonomous, stable and independent of oocyte function.
The transcriptional regulator FOXL2 is required for optimal formation of primary follicles in the ovaries; in Foxl2-null mouse ovaries, granulosa cells fail to complete the squamous to cuboidal transition, thus resulting in the arrest of folliculogenesis at the primordial follicle stage [67] . Moreover, adult granulosa cell tumor (GCT) has recently been characterized by a single somatic missense mutation in the FOXL2 gene in human [31] . Since it is known that GCT can occurs also in the testes of juvenile and adult males [24, 68] , transdifferentiation in relation with FOXL2 action could take a place [44] .
Altogether, spontaneous transdifferentiation was observed from GCs to osteoblasts in vitro and in vivo. Induced transdifferentiation was demonstrated from GCs to neuron-like cells in vitro and Sertoli-like cells in vivo. Process seems to be physiologically relevant since cells which were transdifferentiated from GCs appear in different ovarian pathological conditions.
Conclusion
The expression of different stem cell markers, high telomerase activity and ability to differentiate into cell types otherwise not present within ovary are main arguments for stem cell characteristics of GCs with not exactly defined level of stemness yet. The discovery that GCs poses exceptional plasticity among somatic ovarian cells definitely requires attention. All these data show that the follicular fluid is rich in GCs and daily discarded in the in vitro fertilization program, but might be an interesting subject to be researched and to be used in the regenerative medicine in the future. In reproductive medicine we are especially interested in regeneration of ovarian function which represents the most important and complex part of reproductive tract. Loss of ovarian function caused by premature ovarian failure, chemotherapy or menopause not only affects the reproductive ability but also leads to termination of sex hormones production, which is one of the natural role of GCs. Cell therapy could be an ideal long-term solution for regeneration of ovarian endocrine function. The idea is to isolate stem cell population from GCs, enrich this population and transplant it to the patient. Kossowska-Tomaszczuk et al. [40] developed a three-dimensional (3D) culture system which allowed the long-term survival, growth and enrichment of luteinizing GCs subpopulation isolated from mature ovarian follicles. The 3D system supported them to proliferate into spherical structures exhibiting steroidogenic capacity. After transplantation into the ovaries of immunodeficient mice, these cells became localized preferentially within antral follicles. Moreover, they demonstrated expression of FSHR in transplantated GCs and thus their functionality. However, use of luteinized GCs as therapeutic cells is questioned since high rate of aneuploidy in GCs was reported in women who underwent in vitro fertilization [22, 33] . This limitation could be overcome with isolating and transplanting less differentiated subpopulation of GCs which has not yet undergone luteinization. On the other side, Sittadjody et al. [69] constructed multilayered microcapsule with encapsulated theca cells and GCs from rats to recapitulate the follicular structure. They assessed microcapsules in vitro and demonstrated high viability of encapsulated cells which secreted sex steroids and peptide hormones. Ambitiously, in the future we could transplant engineered follicle as allografts or xenografts.
To that end, the further research of GCs at the molecular, cellular and tissue level will definitely help to better understand the GCT manifestation and recurrence, female infertility, and the outcome of assisted reproduction treatments. Better understanding of GCs proliferation could also play a crucial role in the developing of cell therapies and engineering of ovarian tissue secreting sex steroids for regenerating ovarian endocrine function. However, we would like to expose GCs as a potential model for transdifferentiation in mammals, which is still poorly understood and makes GCs even more special and interesting for both the human and veterinary medicine.
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